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Electron detachment dissociation (EDD) has recently been shown by Amster and coworkers to
constitute a valuable analytical approach for structural characterization of glycosaminogly-
cans. Here, we extend the application of EDD to neutral and sialylated oligosaccharides. Both
branched and linear structures are examined, to determine whether branching has an effect on
EDD fragmentation behavior. EDD spectra are compared to collisional activated dissociation
(CAD) and infrared multiphoton dissociation (IRMPD) spectra of the doubly and singly
deprotonated species. Our results demonstrate that EDD of both neutral and sialylated
oligosaccharides provides structural information that is complementary to that obtained from
both CAD and IRMPD. In all cases, EDD resulted in additional cross-ring cleavages. In most
cases, cross-ring fragmentation obtained by EDD is more extensive than that obtained from
IRMPD or CAD. Our results also indicate that branching does not affect EDD fragmentation,
contrary to what has been observed for electron capture dissociation (ECD). (J Am Soc Mass
Spectrom 2007, 18, 2162–2172) © 2007 American Society for Mass SpectrometryGlycosylation is a highly prevalent post-translational modification (PTM), whose rolehas been linked to a wide variety of biological
activities [1, 2], ranging from protein folding [3] to
immune system response [4]. Unlike most biomol-
ecules, oligosaccharides often exist as several isomeric
forms with diverse linkages, and may form linear or
branched structures. Complete structural characteriza-
tion of oligosaccharides requires the determination of
constituent monosaccharides, their linkage, sequence,
and branching patterns. Given their diversity and struc-
tural complexity, structural elucidation of oligosaccha-
rides often relies upon a wide range of analytical
methodologies, of which nuclear magnetic resonance
spectroscopy and mass spectrometry are two vital tech-
niques. Tandem mass spectrometry (MS/MS) is widely
used for glycan structural characterization [5–7], due to
the advent of instruments that provide high-quality
spectra from even low-abundance molecular species.
Tandem mass spectra of oligosaccharides consist
mainly of glycosidic and cross-ring product ions. Gly-
cosidic cleavage occurs between monosaccharide units
and provides information regarding saccharide se-
quence and branching. Cross-ring cleavages can pro-
vide valuable information regarding saccharide link-
age, particularly when occurring at branching residues.
Several factors are known to affect oligosaccharide
fragmentation and the degree of cross-ring fragmenta-
tion, such as the ionizing cation, the lifetime of the ion
before detection, and the energy deposited into the ion.
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doi:10.1016/j.jasms.2007.09.007Typically, neutral oligosaccharides are analyzed
in positive-ion mode, by their protonated forms or
through metal ion adduction. In addition, chemical
derivatization such as permethylation is widely used to
increase sensitivity, reduce molecular ion lability, and
produce structurally diagnostic product ions [8–10].
Low-energy activation methods, such as collisional ac-
tivated dissociation (CAD) and infrared multiphoton
dissociation (IRMPD), applied to protonated oligosac-
charides results in predominantly glycosidic cleavages.
However, oligosaccharides ionized with alkali, alkaline
earth, and transition metals often fragment to yield
more cross-ring cleavages compared to their protonated
counterparts [11–14]. Although fragmentation of neu-
tral oligosaccharides in negative-ion mode is not as
frequently examined, it has been demonstrated that
native, neutral oligosaccharide anions produce abun-
dant C-type glycosidic cleavages and A-type cross-ring
cleavages in CAD, as opposed to B- and Y-type glyco-
sidic cleavages, which are commonly observed for
oligosaccharide cations (Domon and Costello nomen-
clature [15]) [16–19]. Low-energy CAD combined with
negative-ion mode electrospray ionization (ESI) has
been used to examine neutral glycans from human
urine and milk [19–22]. Less work has been done on
negatively charged N-linked glycans, but it has been
shown that neutral, singly deprotonated N-glycans are
highly susceptible to in-source fragmentation during
electrospray ionization [23].
Many oligosaccharides derived from glycoproteins
and glycolipids contain sialic acids, monosaccharides
that contain a carboxylic acid group at the C-1 position.
Oligosaccharides containing sialic acids typically yield
more abundant signal in negative-ion mode mass spec-
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2163J Am Soc Mass Spectrom 2007, 18, 2162–2172 EDD OF NEUTRAL AND SIALYLATED OLIGOSACCHARIDEStrometry. When sialylated oligosaccharides are analyzed
in positive-ion mode, sialic acids may be lost, resulting in
an absence of information regarding sialic acid linkage [5,
6]. Native sialylated oligosaccharides are particularly
fragile in matrix-assisted laser desorption/ionization
(MALDI) in which they often undergo in-source frag-
mentation, thereby suggesting electrospray ionization is
more suitable for their analysis. The influence of sialy-
lation on negative-ion mode CAD for milk and N-
linked oligosaccharides has been recently examined
[24]. These results demonstrated that deprotonated sia-
lylated oligosaccharides required more energy to frag-
ment compared to either their deprotonated asialo or
nitrate adducted counterparts. Zaia and coworkers [24]
explain that sialylated glycans are more stable in the gas
phase because negative charge resides on the carboxyl
group. However, for asialo oligosaccharides, a proton is
extracted from a ring hydroxyl group during electro-
spray ionization, which imparts more energy than it
would for a sialylated oligosaccharide.
Although most modern mass analyzers use low-
energy dissociation techniques such as low-energy
CAD, several alternative fragmentation techniques
have been developed and applied to oligosaccharides,
including high-energy CAD [25–27], IRMPD [28, 29],
electron capture dissociation (ECD) [30, 31], electron
detachment dissociation (EDD) [32, 33], and 157-nm
photodissociation [34]. In particular, the use of ion-
electron reactions for biomolecular structural character-
ization is rapidly expanding. ECD has been used exten-
sively for the characterization of peptide and protein
cations [35], due to its ability to promote extensive
backbone fragmentation without loss of labile modifi-
cations such as glycosylation [36–41]. In ECD, polyca-
tionic molecules are irradiated with low-energy elec-
trons (1 eV), generating charge-reduced radical
species and product ions [42, 43]. ECD has been applied
to protonated chitooligosaccharides, which yielded pri-
marily glycosidic cleavages corresponding to B- and
C-type ions [30], and recently to permethylated oligo-
saccharides [44]. We have demonstrated that ECD of
oligosaccharides ionized with divalent metal ions can
result in additional fragmentation not observed follow-
ing vibrational excitation [31].
Electron detachment dissociation (EDD) was intro-
duced in 2001 as a fragmentation technique for polya-
nions [45]. In EDD, polyanions are irradiated with 10
eV electrons, resulting in electron detachment and sub-
sequent product ions. EDD has been applied to pep-
tides [45–47], oligonucleotides [48, 49], gangliosides
[50], and recently glycosaminoglycans (GAGs) [32, 33].
GAGs are linear polysaccharides consisting of repeating
disaccharide units and are frequently polysulfated.
EDD of GAGs resulted in information-rich mass spectra
with both cross-ring and glycosidic cleavages. In con-
trast, CAD and IRMPD of GAGs resulted in predomi-
nantly glycosidic cleavages.
EDD has, to our knowledge, not previously been
applied to a wide variety of oligosaccharides, includingneutral and sialylated glycans, as well as branched
oligosaccharides. In the current study, we examine the
fragmentation patterns of neutral and sialylated oligo-
saccharides following EDD and compare these frag-
mentation patterns to those obtained from IRMPD and
CAD. In addition, both linear and branched oligosac-
charides are examined to determine what effect branch-
ing has on EDD fragmentation.
Experimental
Sample Preparation
Maltoheptaose (Sigma, St. Louis, MO), LS-tetrasaccharides
(LSTa and LSTb), disialyllacto-N-tetraose (DSLNT), an
asialo biantennary glycan (NA2; V-Labs, Covington,
LA), and a monosialylated biantennary glycan (A1F;
Calbiochem, San Diego, CA) were prepared in a solu-
tion of 50% methanol (Fisher, Fair Lawn, NJ) and 0.1%
ammonium hydroxide (Sigma) to a final concentration
of 3 M.
Mass Spectrometry
All experiments were performed with an actively
shielded 7-T Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer with a quadrupole front-
end (APEX-Q, Bruker Daltonics, Billerica, MA), as pre-
viously described [51]. Samples were infused by an
Apollo II ion source at a flow rate of 60 L/h with the
assistance of N2 nebulizing gas. Following ion accumu-
lation in the first hexapole for 0.05 s, ions were mass
selectively accumulated in the second hexapole for
2–6 s. Ions were then transferred through high-voltage
ion optics and captured with dynamic trapping in an
Infinity ICR cell [51]. The experimental sequence up to
the ICR cell fill was looped 4–8 times to achieve
maximum precursor ion signal for EDD. Precursor ions
were further isolated in the ICR cell using correlated
harmonic excitation fields (CHEF) [52]. An indirectly
heated hollow dispenser cathode was used to perform
EDD [53]. IRMPD was performed with a vertically
mounted 25-W, 10.6-m, CO2 laser (Synrad, Mukilteo,
WA). External CAD was performed in a hexapole
following mass selective ion accumulation with argon
as a collision gas. For EDD, the cathode heating current
was kept constant at 2.0 A and the cathode voltage was
pulsed during the EDD event to a bias voltage of20 to
30 V for 1–2 s. A lens electrode located immediately in
front of the cathode was kept 0.8–1 V higher than the
cathode bias voltage.
Data Analysis
All mass spectra were acquired with XMASS software
(Bruker Daltonics) with 256k data points and summed
over 30 scans. Data processing was performed with
MIDAS software [54]. Data were zero filled once, Han-
ning apodized, and exported to Microsoft Excel for
2164 ADAMSON AND HÅKANSSON J Am Soc Mass Spectrom 2007, 18, 2162–2172internal frequency-to-mass calibration with a two-term
calibration equation. The precursor ion and charge-
reduced radical species were used for calibration of
EDD spectra. For CAD, IRMPD, and EDD spectra
where the charge-reduced species was not observed (or
with only low abundance), an abundant glycosidic
cleavage product ion and the precursor were used for
calibration. Product ion spectra were interpreted with
the aid of the web application GlycoFragment (www.
dkfz.de/spec/projekte/fragments/) [55].
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2165J Am Soc Mass Spectrom 2007, 18, 2162–2172 EDD OF NEUTRAL AND SIALYLATED OLIGOSACCHARIDESMS/MS of Neutral Oligosaccharides
Two neutral oligosaccharides were examined to evalu-
ate the EDD fragmentation patterns of oligosaccharides
lacking acidic moieties. These oligosaccharides include
maltoheptaose, a linear oligosaccharide containing
seven 1¡4 linked glucose molecules (Figure 1 and
Scheme 1), and an asialo, biantennary glycan
(NA2) with a composition of Gal4GlcNAc2Man6
(Gal4GlcNAc2Man3)Man4GlcNAc4GlcNAc (Fig-
ure 2 and Scheme 2). Due to the symmetric nature of
maltoheptaose, a number of ions cannot be distin-
guished based on their m/z ratios (C and Y, and several
A and X). However, native neutral oligosaccharide
anions that are 1¡4 or 1¡6 linked have been shown to
produce predominantly C-type and A-type ions during
CAD [16–20]. The majority of ions observed following
CAD (Figure 1a) and IRMPD (Figure 1b) of maltohep-
taose are singly charged, with exceptions being denoted
by an asterisk. The CAD and IRMPD spectra show very
similar fragmentation patterns, although they are not
identical. Several lower molecular weight glycosidic
and cross-ring cleavage product ions were observed
only following IRMPD. Although IRMPD and low-
energy CAD are both low-energy vibrational excitation
techniques, Lebrilla and coworkers have shown that the
fragmentation efficiency in IRMPD is greater than that
in CAD for larger oligosaccharides [56]. An alternative
explanation for the absence of low molecular weight
species following CAD is the time-of-flight effect when
(a) CAD
(b) IRMPD
(c) EDD
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Scheme 1. Fragmentation patterns observed following CAD,
IRMPD, and EDD of doubly deprotonated maltoheptaose.transferring ions from the external hexapole to the ICR
cell. Low m/z species will arrive at the cell sooner than
higher m/z species, thereby displaying optimum cap-
ture at different experimental conditions. Cross-ring
cleavages observed following both fragmentation tech-
niques corresponded either to 0,2A-type or 2,4A-type
ions, consistent with 1¡4 linked saccharides. CAD
and IRMPD of singly deprotonated maltoheptaose were
also examined (see Supplementary Material section,
which can be found in the online version of this article.).
Product ions observed from the [M  H] species were
very similar to those from the [M  2H]2 precursor
ions. Although maltoheptaose is a neutral oligosaccha-
ride, under the negative-ion mode electrospray condi-
tions used here, the relative abundance of the doubly
deprotonated species was typically at least 50%. Thus,
EDD of this neutral oligosaccharide was not hindered
by poor ion signal.
The EDD spectrum of doubly deprotonated malto-
heptaose (Figure 1c) contains only singly charged prod-
uct ions, including the charge-reduced species, [M 
2H] · . Singly charged product ions can arise by two
fragmentation mechanisms, either through direct de-
composition of the activated precursor ion or through
electron detachment from the precursor and subse-
quent fragmentation [32]. A mixture of even- and
odd-electron species is observed following EDD of
maltoheptaose. Ions that exhibit minor hydrogen loss,
resulting in odd-electron species, are underlined in
Figure 1c. For these product ions, hydrogen loss was a
relatively minor fragmentation pathway. One exception
is the ion at m/z 646.2, denoted B4(Z4)  H, in which the
radical species is more abundant than the even-electron
species. Product ions corresponding to loss of hydrogen
from B-type ions have also observed following EDD of
GAGs [32]. Odd-electron product ions can be formed
following hydrogen loss from an even-electron species,
or can be formed directly following fragmentation of
the charge-reduced radical species.
EDD of maltoheptaose results in a combination of
glycosidic and cross-ring fragmentation, and exhibits
several unique product ions not observed following
either CAD or IRMPD. In addition to several 0,2A(2,4X)
and 2,4A(0,2X)-type cross-ring cleavages, 1,5X and 3,5A-
type ions are observed, including 1,5X2,
1,5X4,
3,5A4, and
3,5A5. Both
1,5X and 3,5A-type cross-ring cleavages are
commonly observed following positive-ion mode high-
energy CAD (heCAD) of oligosaccharides [27, 57], and
were also noted following EDD of GAGs [32]. X-type
cross-ring cleavages are typically not observed follow-
ing low-energy CAD or IRMPD.
Three unique product ions, denoted Y4  15.99 Da,
Y5  15.99 Da, and Y6  15.99 Da, were observed
following EDD of maltoheptaose. These ions were not
reported by Amster and coworkers following EDD of
GAGs. Kovácˇik et al. [58] and Harvey et al. [57] have
reported Y  16 Da ions following positive-ion mode
heCAD. In their experiments, only Y  16 Da ions were
observed, as opposed to C  16 Da (a possible alterna-
2166 ADAMSON AND HÅKANSSON J Am Soc Mass Spectrom 2007, 18, 2162–2172tive assignment due to the symmetry of maltohep-
taose). However, following EDD of other neutral and
sialylated oligosaccharides (discussed below), only
losses of 16 mass units are observed from Y-type ions.
We propose that these ions correspond to Z  2H ions.
Kovácˇik et al. proposed that these ions were due to
internal residue losses. However, for maltoheptaose,
internal residue loss would not account for the molec-
ular weight of these product ions. The same authors
also discussed that these product ions could correspond
to Z  2H ions, but later disregarded this explanation.
We believe there are several lines of evidence to support
that these ions observed following EDD are Z  2H
species. Hydrogen addition and abstraction following
ECD of peptides have been well documented [60, 59],
and have also been reported for EDD of peptides [45].
Following EDD of GAGs, hydrogen abstraction from B-
and C-type ions has also been noted, and observed as B
 H, C  H, and C  2H type ions [32, 33]. Of particular
interest is the product ion type C  2H, which also has
been reported by several investigators following
positive-ion mode heCAD [58, 61–64] and which is
observed following EDD of sialylated oligosaccharides
in our examination. The complementary fragment for a
Figure 2. EDD (30 scans, 1 s, bias voltage of 
glycan (NA2). Doubly deprotonated product ion
assignment. Asterisks above a peak indicate el
adjacent product ion. Underlined product ions ex
ing to loss of hydrogen). Ions due to multiple cle
of cleavage. Product ions which cannot be unam
the labels.C  2H product ion would be a Z  2H species. Forboth maltoheptaose and an asialo biantennary glycan
(NA2) (Figure 2), Z  2H (or Y  16 Da) product ions
are observed, whereas their complementary C  2H
species are absent.
CAD and IRMPD spectra of a doubly deprotonated
asialo, biantennary glycan (NA2) are shown in the
Supplementary Material section. The corresponding
singly deprotonated species was of relatively poor
abundance (5%) following ESI and was not examined.
) of a doubly deprotonated asialo, biantennary
indicated with an asterisk next to a product ion
nic noise. Squares indicate water loss from an
minor radical species (with a mass correspond-
e sites are designated with a slash between sites
ously assigned are indicated by parentheses in
Scheme 2. Fragmentation pattern observed following EDD of a25 V
s are
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species resulted in a mixture of glycosidic and cross-
ring cleavages, where glycosidic cleavages included
both C- and B-type ions (which could also correspond
to water losses from C-type ions). Cross-ring fragments
were almost exclusively 0,2A and 2,4A-type ions. The
singly deprotonated glycan has also been examined in
negative-ion mode CAD following ESI by Harvey [65]
and by Zaia and coworkers [24], showing a fragmenta-
tion pattern similar to that of the doubly deprotonated
species examined here.
Unlike maltoheptaose, a mixture of doubly and
singly charged product ions was observed following
EDD of NA2 (Figure 2 and Scheme 2). Doubly charged
product ions, including C4*, C5*,
0,2A5*,
0,2A6*, and
2,4A6*, are likely due to direct decomposition of the
activated precursor ion. The majority of product ions
generated following EDD are even-electron species.
Several product ions are due to multiple cleavages,
many of which involve a combination of glycosidic and
cross-ring fragmentation. In addition to 2,4A and 0,2A-
type cross-ring cleavages, 1,5X and 3,5X-type product
ions were observed. One of the most abundant product
ions detected following EDD corresponds to 3,5X3(
3,5X5),
at m/z 1565.55. Also observed is the product ion at m/z
Figure 3. EDD of doubly deprotonated oligos
30 V) and (b) LSTb (30 scans, 1 s, bias voltage o
product ion. Underlined product ions exhibit min
of hydrogen). Ions due to multiple cleavage sites
Product ions which cannot be unambiguously as
branch containing sialic acid is referred to as thaccharides: (a) LSTa (30 scans, 1 s, bias voltage of
f25 V). Squares indicate water loss from an adjacent
or radical species (with a mass corresponding to loss
are designated with a slash between sites of cleavage.
signed are indicated by parentheses in the labels. The688.23 labeled GlcNAcMan3  H2O, otherwise knownOO
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the doubly deprotonated oligosaccharides LSTa and LSTb.
2168 ADAMSON AND HÅKANSSON J Am Soc Mass Spectrom 2007, 18, 2162–2172as “ion D.” This ion is due to loss of the 3-linked
antenna and two reducing GlcNAc residues. Ion D
allows for determination of the monosaccharide com-
position of the 6-linked antenna, and by subtraction also
the 3-linked antenna. This ion was also observed fol-
lowing IRMPD and CAD. Two Y  16 Da type ions, or
as we propose Z 2H ions, are also observed following
EDD (denoted as Y4  15.99 Da and C4/Y5  15.99 Da).
Similar to maltoheptaose, C  2H ions were not de-
tected following EDD.
MS/MS of Sialylated Oligosaccharides
The CAD, IRMPD, and EDD fragmentation patterns of
four sialylated oligosaccharides were next examined.
All IRMPD and CAD spectra are shown in the
Supplementary Material section. The first oligosac-
charide examined, LSTa, is a linear oligosaccharide
with the composition Neu5Ac3Gal3GlcNAc3Gal-
4Glc (Figure 3a and Scheme 3a). A related branched
oligosaccharide, LSTb, in which the sialic acid is instead
2¡6 linked to GlcNAc (Figure 3b and Scheme 3b) was
also examined. The third oligosaccharide, a disialyl-
lacto-N-tetraose oligosaccharide (DSLNT), is similar to
LSTa but with a second sialic acid 2¡6 linked to
Figure 4. EDD of doubly deprotonated DSLNT
water loss from an adjacent product ion. Doub
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Neu5Aca3/6Gal4GlcNAc2Man6(Gal4GlcNAc2-
Man3Man4GlcNAc4(Fuc6)-GlcNAc (Figure 5 and
Scheme 5).
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ion mode electrospray ionization conditions, the aver-
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nated species is more difficult compared to maltohep-
toase or the branched NA2 glycan, EDD of this species
was facilitated by longer accumulation times and in-
creased numbers of cell fills. CAD and IRMPD of both
singly and doubly deprotonated LSTa resulted in 0,2A
and 2,4A cross-ring cleavages in the reducing end glu-
cose (see Supplementary Material section). Cross-ring
cleavage in the reducing terminal residue and for
internal 4-linked residues are commonly observed in
negative-ion mode low-energy vibrational excitation
fragmentation [15, 19, 20]. In addition, glycosidic cleav-
age (predominantly resulting in C-type ions) was ob-
served between every residue. As has been shown for
sialylated oligosaccharides by Zaia and coworkers [24],
singly deprotonated LSTa required more energy for frag-
mentation during CAD compared to the energies used
for asialo oligosaccharides previously discussed (30 V
for LSTa versus 8–14 V for maltoheptaose and NA2).
Only singly charged product ions were observed
following EDD of LSTa (Figure 3a). Glycosidic cleavage
was noted between every pair of saccharide residues
and two cross-ring cleavage products, 2,4X3(
1,3A2) and
3,5A5 were also observed following EDD. These cross-
ring cleavages were not seen following CAD or IRMPD
of either the singly or doubly deprotonated species.
Figure 5. EDD of doubly deprotonated A1F (3
water loss from an adjacent product ion. Underl
a mass corresponding to loss of hydrogen). Ions
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by parentheses in the labels.Loss of CH3O from the charge reduced species has beenpreviously detected following EDD of GAGs. It is also
interesting to note that both Y  16 Da species (Y3 
15.99 Da and Y4  15.99 Da) and C  2H species (C3 
2H, C4  2H) are observed following EDD.
As previously discussed, C  2H species have been
reported in several instances following heCAD in
positive-ion mode and recently following EDD of
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mechanism that generates these ions is somewhat unclear
[58]. In EDD, Wolff et al. have proposed that electron
detachment at a carboxylate group is followed by
hydrogen transfer to form either an oxy radical at C-2 or
a radical at C-3, which can lead to the formation of C 
2H product ions by -cleavage [33]. Following EDD of
GAGs, the complementary Z  2H ions (or Y  16 Da
species) were not observed. In our experiments, such
species were observed following EDD of maltoheptaose
and NA2, whereas the C 2H species were absent. This
observation may be due to differences in the sites of
deprotonation in neutral versus acidic oligosaccharides.
For the neutral oligosaccharides examined, both sites of
deprotonation should be hydroxyl groups. The allylic
hydroxyl hydrogen [66] on C-1 and the C-3 hydroxyl
hydrogen [67] have been shown to be acidic sites. LSTa,
which contains one sialic acid, most likely has one
deprotonation site at the carboxylate group, whereas
the other site should be a hydroxyl group.
CAD and IRMPD spectra of doubly and singly
deprotonated LSTb showed relatively similar fragmen-
tation patterns (see Supplementary Material section).
The relative abundance of doubly deprotonated LSTb
was similar to that of LSTa, and EDD was facilitated by
longer accumulation times and increased numbers of
cell fills. CAD and IRMPD of the singly and doubly
deprotonated species exhibited 0,2A and 2,4A-type cleav-
age in the reducing terminal glucose. The majority of
observed product ions retained sialic acid and two of
the most informative product ions observed were C2/
Z3 (D-type cleavage) and
0,4A2. Residues that are 1¡3
linked often produce C-type cleavage on the reducing
side and Z-type cleavage on the non-reducing side in
negative-ion mode [19]. Both of these ions provide
information regarding the linkage position of sialic acid.
EDD of LSTb (Figure 3b) resulted in more extensive
fragmentation compared to CAD and IRMPD of the
singly and doubly deprotonated species. In addition to
extensive glycosidic cleavage, several cross-ring cleav-
age product ions were observed following EDD. Along
with 0,2A and 2,4A-type cleavage within the reducing
end glucose (which were also observed from IRMPD
and CAD), 1,3X, 3,5A, and 1,5X-type cleavages were also
detected. Three cross-ring products were observed in
the branching GlcNAc residue, including 1,3X2,
3,5A2,
and 0,4A2. The
0,4A2 and
3,5A2 product ions indicate the
attachment of sialic acid to C-6, whereas the 1,3X2 ion
indicates a likely linkage position for the 3-linked
galactose. Two hydrogen losses from several C-type
ions (or hydrogen loss from a radical C-type ion) were
also seen, including C2/Z3  2H, C2  2H, and
C3(Y3)  2H. Two unique product ions, denoted
NeuAcGal  H2O and NeuAcGal2  H2O are also
interesting to note in the EDD spectrum. These ions can
be formed only by saccharide rearrangement. Other
carbohydrates have also been shown to undergo rear-
rangement reactions with losses of internal saccharide
residues during CAD [59, 68–70].CAD and IRMPD of a doubly and singly deproto-
nated disialylated oligosaccharide (DSLNT) were exam-
ined. As expected, the relative abundance of the doubly
deprotonated form was always much larger than that of
the singly deprotonated form. CAD and IRMPD of the
singly deprotonated species resulted in less fragmenta-
tion than the doubly deprotonated species. In CAD and
IRMPD (see Supplementary data) of the doubly depro-
tonated species, both glycosidic and cross-ring cleav-
ages were observed, similar to other oligosaccharides
examined thus far. Both 0,2A and 2,4A-type cleavages
were present in the reducing terminal saccharide. Sim-
ilar to IRMPD and CAD, several product ions observed
following EDD (Figure 4) are due to multiple cleavages.
Neutral losses from the charge reduced species are also
quite extensive, with losses of CO2 and CH3O being the
most predominant. In addition to a 0,2A-type cleavage
in the reducing terminal saccharide, several additional
cross-ring cleavages are observed following EDD that
were not present in CAD or IRMPD spectra. These
correspond to 3,5A, 1,5A, 0,2X, 4,5X, and 1,5X type product
ions. One of the most abundant product ions observed
following EDD is at m/z 977.34 [Y3(Y3)], due to loss of
sialic acid. Another product ion is observed that is 2 Da
lighter, and would appear to correspond to a loss of two
hydrogens from this Y-type ion (or loss of one hydrogen
from the radical Y-type species). Y  2H product ions
have also been observed following positive mode
heCAD and are likely formed by a mechanism similar
to C  2H ions [62]. The product ion at m/z 833.27 has
been assigned as a Y 2H type product ion (Y3 2H),
but given that EDD of DSLNT resulted in significant
internal cleavages, this ion could also be assigned
C4/Y4  2H. Similar to other EDD spectra (Figures 1–3),
C  2H, Y  16 Da, and B  H product ions are also
seen following EDD of DSLNT. Many of these product
ion types have been observed in heCAD, but only C 
2H and B  H ions have been noted following EDD of
GAGs. However, the electron energies used in our
examination were higher (20–30 eV) compared to those
used in EDD of GAGs (19 eV), which may result in
energy deposition more similar to that in heCAD.
The singly deprotonated sialylated N-linked glycan
(A1F) was of relatively low abundance following neg-
ative mode electrospray ionization (5%), and was
therefore not examined. CAD and IRMPD of the doubly
deprotonated species (see Supplementary data) re-
sulted in several glycosidic cleavages, which corre-
sponded mainly to C- and B-type ions (which may also
be due to water loss from C-type ions). 0,2A and
2,4A-type cleavages were observed in both reducing
terminal GlcNAc residues. These ions are useful for
determining the presence of a core fucose residue.
Fragmentation following EDD (Figure 5 and Scheme 5)
was more extensive than either CAD or IRMPD, and
resulted in several glycosidic and cross-ring product
ions. The most abundant product ions correspond to
C-type cleavages. In many instances the C  2H species
were more abundant than typical C-type product ions
2171J Am Soc Mass Spectrom 2007, 18, 2162–2172 EDD OF NEUTRAL AND SIALYLATED OLIGOSACCHARIDES(for example, C6  2H and C5  H). This behavior is
similar to what was observed in EDD of DSLNT.
Similar to other EDD spectra of neutral and sialylated
oligosaccharides (Figures 1–4), EDD of A1F resulted in
several internal cleavages. Several additional cross-ring
cleavages were observed following EDD compared to
CAD and IRMPD, including those corresponding to
1,5X, 3,5X, 4,5X, 1,5A, 0,2A, and 2,4A product ions. Two
cross-ring fragments within the branching mannose
residue were observed, including 1,5A5 and
4,5X2. The
latter ion provides information regarding the linkage
position of the -branch. Similar to other EDD spectra,
Y 16 Da product ions are also observed. Also detected
was an ion due to loss of a fucose residue, Y1, which
was not observed following CAD or IRMPD. In
negative-ion mode, it has been observed that fucose
tends not to be lost following CAD [23], a trend that is
not observed in EDD. EDD of this branched glycan
demonstrates that EDD fragmentation efficiency does
not seem to be affected by oligosaccharide branching.
We have shown that ECD of larger, branched oligosac-
charides requires ion activation (presumably due to
secondary structure) to fragment efficiently [31]. How-
ever, electron energies used for EDD (20–30 eV in the
current experiments) are much higher than those typi-
cally used for ECD (1 eV). These higher electron
energies likely contribute to disruption of any intramo-
lecular non-covalent interactions.
Conclusions
Our results demonstrate that EDD of neutral and sialy-
lated oligosaccharides provides structural information
that is complementary to that obtained following IRMPD
and CAD. One potential issue with this approach is that,
for neutral and singly sialylated oligosaccharides, doubly
charged anions (which are required for EDD) are some-
times more difficult to obtain than are singly charged
anions. However, for both the neutral glycan (NA2) and
the singly sialylated glycan (A1F) examined here, doubly
deprotonated species were more easily produced in neg-
ative-ion mode ESI compared to the corresponding singly
deprotonated species. These results indicate that EDD is a
potentially valuable tool for the characterization of biolog-
ically relevant N-linked glycans, even if they are not
highly acidic. Cross-ring cleavages observed following
IRMPD and CAD of doubly and singly deprotonated
oligosaccharides were typically either 0,2A or 2,4A type
cleavages. These product ion types can also be observed
following IRMPD and low-energy CAD in positive-ion
mode MS/MS, however, cross-ring fragments are gener-
ally more prevalent for metal adducted oligosaccharides
compared to protonated species. Following EDD, several
additional types of cross-ring cleavages were observed,
such as 3,5A, 1,5A, 1,5X, and 3,5X type ions. These product
ion types are usually not produced from either positive- or
negative-ion mode IRMPD or low-energy CAD. In most
cases, cross-ring fragmentation in EDD was more exten-
sive than in CAD or IRMPD. A comparison of the frag-mentation patterns of branched and linear oligosaccha-
rides demonstrates that branching does not seem to affect
EDD fragmentation. Throughout these experiments, sev-
eral unique product ions were observed. These include C
 2H, Y  16Da, and Y  2H product ions. These ion
types have all been observed following heCAD, but only
C  2H ions have been noted following EDD of GAGs.
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